High power lasers are nowadays a tool that can be used to determine important parameters in the context of Warm Dense Matter. In this paper, the general issues that have been addressed in the last few years are presented. Recent results concerning water and iron experiments are exposed as a paradigm of laser driven shocks experiments.
Introduction
The knowledge of Equation of State (EOS) and related parameters of dense matter is important in several fields of physics. For example, in astrophysics the star evolution is mainly governed by the thermodynamic properties of matter. Also, experimental simulation of planetary physics requires very high pressures as those expected to occur in the planets inner core. Finally, the success of Inertial Confinement Fusion (ICF) is directly related to the understanding of shell pellet implosion and the final core compression. Both of these processes necessitate a precise knowledge of the microballoon material and the fuel (deuterium) EOS [1] at very high pressures (> 100 GPa).
Three main conditions have to be fulfilled in order to measure EOS with good accuracy using lasers [2] : a uniform shock front over a large distance, a steady state pressure in the sample during the measurements and a low level of preheating in the material ahead of the shock wave. All of these issues have been solved in the last decade. Uniformity has been addressed using the direct drive scheme with beam smoothing techniques [3] or x-ray thermal radiation to generate shocks (indirect drive) [4] . Regarding the second condition (shock steadiness), some experiments have shown the possibility to obtain a steady shock through a sample [4] . However it is closely related to the target design and the laser parameters. Finally the preheating effect, due to hard x-rays, has an unwanted effect since the shock wave propagates in a medium whose initial state is unknown. Therefore the quantities of the unperturbed materials into the RankineHugoniot equations are undetermined. In this case the EOS determination becomes difficult or even impossible. The total amount of x-rays increases with the laser intensity, with laser frequency and the charge of the material. Recent experiments [5] [6] [7] have shown the way to reduce the preheating effect down to a moderate level.
In order to determine all necessary parameters, many diagnostics have been developed around laser experiments. How can we get reliable data? The issues are to be able to reach a high accuracy measurement for a target size of the order of 1 mm within a time ~ 10 -9 s. Therefore a high instrumental resolution is needed: 10 µm for the spatial one and a few 10 -12 s for the temporal one. We can distinguish two types of diagnostics: passive or active ones. Passive diagnostics are based on the fact that for the high pressures, as reached with lasers, when the shock breaks out at the end of the target, the material is very hot (a few electron-volts) and suddenly emits a lot of light in the visible range. This light is imaged to the slit of a streak camera which has a high temporal resolution (several picoseconds). Shock velocity and temperature are the main parameters that can be obtained through these diagnostics.
Recently, active diagnostics have been developed which rely on the use of probe beams either in the optical [8] or xray domain [9] . With these new techniques, it has been possible to determine, for example, the fluid velocity in deuterium [1] or iron [10] .
Water Results
The mantle of Neptune and Uranus is mainly constituted by "ice layers" containing water, methane, and ammonia. The author's e-mail: michel.koenig@polytechnique.fr range of pressure and temperature in the ice layers is 0.2 to 6 Mbar and 2,000 K to 8,000 K. The magnetic field of both planets, as measured by the probe Voyager 2, is larger than what was expected and asymmetrical, originating from the conductivity of those layers. Estimations of the minimum conductivity capable of sustaining the magnetic field by dynamo effect give about 200 Ω·cm -1 . Recent calculations predict a transition from electrolyte to metal in this regime for water and ammonia [11] .
The goals of our experiments were to get new EOS data in a pressure domain where no points exist (P > 1 Mbar), to measure simultaneously the temperature and the reflectivity from which optical properties can be deduced.
The experiments are based on the impedance mismatch method, where the shock velocity is simultaneously measured in two different materials, one of which is used as a reference (aluminum). The diagnostics consist of a self-emission recording system to infer the temperature and two VISARs [8, 12] . The VISAR diagnostic is characterized by its sensitivity S expressed in km·s -1 per fringe. The targets consist of an aluminum step of height h (typically a few microns) and a cell filled with water. To minimize preheating of the target, a layer of plastic (CH) was added on the front side; finally, a very thin Al foil was placed to avoid laser shine-through at early times.
When water is metallized, the probe beam is reflected on the shock front, and the fringe shift F of our VISAR diagnostics is directly related to the shock velocity D via: FS = n 0 D, where n is the refractive index, and subscript 0 denotes its standard value. Instead, when water remains partly transparent, the expression is more complicated, because the probe beam crosses compressed water:
where n is the unknown refractive index of compressed water, and U the fluid velocity.
The shock velocity in aluminum is given by measurement of the transit time ∆t in the aluminum step. The shock velocity in water is directly given by the VISAR diagnostics when water is metallized. Having measured two parameters, we can use the impedence mismatch method to obtain all the thermodynamic parameters of compressed water. We obtained the points presented in Fig. 1 . The agreement between the SESAME tables and our results is good, given our experimental error bars.
Among the methods existing for the determination of the temperature [14, 15] , we adopted an absolute photon counting technique. This implied a precise measurement of the total transmission efficiency of the rear side imaging system and the response of the detector (streak + CCD) at a given wavelength.
Therefore we can associate to the counts on the CCD a brightness temperature. However we have to extract the temperature T by fitting intensity I(λ ) to a gray body Planck spectrum,
where ε (λ ) = 1 -R(λ ), the reflectance R being measured with the VISAR; λ, h, c, and k b represent the wavelength, the Planck's constant, the speed of light, and the Boltzmann's constant respectively. The temperature results (Fig. 2) show again a good agreement with the predictions of the SESAME tables.
Iron Results
Knowledge of iron's phase diagram is a fundamental issue in geophysics. In particular its melting line locus in the vicinity of inner-core outer-core boundary (IOB) pressure 3.3 Mbar yields a better understanding of the core's thermodynamics. Static measurements of the melting line can be achieved with good precision [16] but need to be Fig. 1 Experimental measurement of the EOS of water. ◆ represent previous results [13] , laser data obtained on OMEGA ( ), at LULI ( ). The solid line is the SESAME main Hugoniot. Fig. 2 Temperature measurement. The circle points correspond to experiment, the solid line to the SESAME table.
extrapolated above about 1 Mbar. The use of dynamic compression techniques is therefore necessary.
To that extent, we performed measurements along iron principal Hugoniot using the LULI high power laser in order to determine important parameters such as temperature when the Hugoniot crosses the melting line. We expect to measure a plateau on the Hugoniot curve from which we will deduce a melting temperature upon shock loading.
In this paper, we present interface velocity and temperature measurements of shock released iron into a LiF (lithium fluoride) window.
The time histories of interface velocities were recorded by following fringe movement on the VISAR diagnostic. Because a shock is transmitted in the window, the measured velocity is apparent and the compressed LiF index of refraction has to be considered in order to get an accurate measurement. This is done using Kormer's model [17] :
where σ = ρ/ρ 0 is the compression, and the ρ is density. For LiF, n 0 = 1.39 and dn/dσ = 0.1. When inserting the compressed LiF index of refraction into the optical path difference expression of the probe beam, the σ terms cancel out and we find a constant factor 1.29 between the apparent velocity and the actual interface velocity. For laser intensities below 3 × 10 13 W/cm 2 , we find time histories in good agreement with monodimensional hydrodynamic code. This enables us to validate the model we use for correcting the apparent velocity.
We also compared experimental and predicted interface velocities at shock breakout as function of laser energy. We find discrepancies for laser energy > 3 × 10 13 W/cm 2 (Fig 3) . The hydrodynamic code uses a SESAME EOS that does not take into account phase transitions. We can therefore attribute this drop of velocity to the consumption of latent heat of melting upon solid-liquid phase transition. However, previously published values for iron's enthalpy of melting at IOB [18] [19] [20] yield a velocity drop < 0.5 km/s, which is not sufficient to completely explain the discrepancies. Another possible mechanism that would explain the anomalous velocity behaviour rests on LiF index of refraction as function of compression. Indeed, Kormer's model has been experimentally tested up to 1.15 Mbar which is below the pressure range of interest in our experiments (1.5 -3 Mbar). Earlier works by Russian groups have shown the dn/dσ term increases by a factor 1.5 -1.7 for ionic crystals CsBr, KCl and KBr undergoing a shock-induced solid-liquid transition. A similar behaviour can be expected from LiF, provided it would become liquid around 1.5 Mbar, which would lead to a sensible decrease in apparent interface velocity.
To determine the temperature around melting curve, we did use the same self-emission diagnostic as for water described in the previous section. We used the reflectivity along with self-emission data to provide grey body equivalent temperature measurements. Shock temperature is then calculated using a Mie-Gruneisen relationship:
where T is the temperature, and V the volume, γ is the Gruneisen parameter, and γ /V = 16.6 from Ref. [21] . From these simultaneous interface velocity and temperature measurements, we obtain iron's Hugoniot in the pressure-temperature plane (Fig.4) . Because self-emission signals are very weak in the case of iron, the data are found to be in the liquid phase, preventing comparison with previous measurements [22] . Nevertheless, we find a good agreement with the SESAME EOS, which allows us to validate the measurement technique. In future experiments, temperature measurements in the solid phase will need a lower threshold diagnostic such as infrared self-emission. Fig. 3 Interface velocity as function of laser intensity. Fig. 4 Experimental Hugoniot temperature data.
